Some electronic properties of high-purity selenium as a semiconductor are influenced by its impurities, even if they are present at extremely low levels. Since highpurity selenium is also necessary as a raw material for a reference solution of selenium used in spectrochemical analysis, the determination of any impurities is very important. Although the inductively coupled plasma mass spectrometer (ICP-MS) is a highly sensitive instrument for trace analysis, it has a limitation regarding the allowable concentration of a matrix component in a sample solution. Consequently, the determination of impurities in high-purity selenium requires matrix separation. There have been many reports on the separation of impurities in high-purity selenium, s,2 Though the reduction of selenious acid to elemental selenium has been widely used for matrix separatio&'3-s powerful reductors, such as sulfur dioxide3'4,6, hydroxylammonium chlorides, hydrazine hydrates and others, are not applicable to the separation of some elements which form hardly soluble selenioes or which tend to be reduced to elemental states. Since it has been known that thiourea reduces selenium(IV) to the elemental state', and that thiourea forms soluble complexes with many metal ions in solution8, including tellurium9, which is one of the major impurities in selenium, thiourea is expected to be useful for the separation of impurities in selenium. However, there has been no report on the use of thiourea for this purpose. In the present study thiourea was used for a matrix separation prior to a measurement by ICP-MS. The separation method was optimized in order to determine any trace impurities in high-purity selenium.
Experimental

Reagents
Water was purified with the use of a deionized system followed by sub-boiling distillation. The ultrapure hydrochloric acid, sulfuric acid and nitric acid used were from Kanto Chemical Co., Tokyo. Thiourea of analytical reagent grade (Kanto) was used. According to the manufacturer its purity was more than 98%. Metal standard solutions were all prepared from 1 g dm 3 commercial standard solutions (Kanto) by dilution with 0.5 mol dm-3 hydrochloric acid. For silver and bismuth, 0.01 g dm 3 metal standard solutions prepared with 1 mol dm 3 nitric acid were diluted with 0.5 mol dm-3 hydrochloric acid. High-purity selenium (Sumitomo Metal Mining, Tokyo) purified by an ionexchange method, and that purified by an ion-exchange/ distillation method, were used; their nominal purities were 99.999% and 99.9999%, respectively. For examining the determination conditions the latter was used.
Instrument
An SPQ8000A ICP-MS (Seiko Instruments Inc., Tokyo) was used for determining impurities; its operating conditions are listed in Table 1 . For determining the total sulfur and sulfate ions in solution after reducing selenious acid by thiourea, an SPS4000 ICP atomic-emission spectrometer (ICP-AES) (Seiko) and an IC7000S ion-chromatographic analyzer (IC) (Yokogawa Electric Co., Tokyo) equipped with an ICSA23 anion exchange column (Yokogawa) were used, respectively. Sulfate ions were determined from the peak area of an electrical-conductivity measurement. weights of selenium before and after the etching was within 0.1 mg. After being washed with water, the selenium was dissolved with 7 cm3 of concentrated nitric acid on a hot plate (at ca. 70° C), followed by evaporation to a wet residue. Three milliliters of water were added; the solution was then evaporated to dryness. The weight of the residue agreed within 1 % with that calculated as Se02 from the selenium weight before etching; no loss of selenium by the etching was substantially observed. The residue was dissolved in 80 cm3 of 2 mol dm 3 hydrochloric acid followed by the addition of 7 cm3 of a 4.80%w/v thiourea solution. Selenium precipitated immediately as a red monoclinic modification. The mixture was then heated almost to boiling for 15 min; meanwhile, the selenium transformed into the black hexagonal allotrope. After the solution had stood at laboratory temperature for ca. 1 h the precipitate was filtrated out. After 10 cm3 of nitric acid were added to the filtrate, it was evaporated until sulfur trioxide fumed. Finally, the solution was diluted to 100 cm3 with water. Blank tests were carried out simultaneously. Sulfate ions were formed by the reduction of selenium(IV); moreover, excess thiourea was oxdized to sulfate ion with nitric acid. Accordingly, the concentration of sulfuric acid in standard solutions was matched to that in the sample solutions. Ten elements (vide infra) were determined by ICP-MS.
Results and Discussion
Reaction of selenious acid with thiourea The balance of sulfur atoms comprising thiourea through the reaction of selenious acid with the reagent was investigated. The amounts of thiourea added to 80 cm3 of a 2 mol dm 3 hydrochloric acid solution containing 6.33 mmol of selenious acid were varied over the 2.52 -6.29 mmol range. After completing the reaction the amount of total sulfur, sulfate ions and thiourea dissolved in the solution were determined by ICP-AES, IC and iodometry1o-12, respectively.
No gas generation was observed during the reduction and no anions except for selenite, sulfate and chloride ions were detected by IC. The obtained results are illustrated in Fig, l along with the observed weight of the precipitated selenium.
The mole ratios of the amount of sulfate ions formed from thiourea, an 8-electron reducing agent, to that of elemental selenium formed from selenium(IV), a 4-electron oxidizing agent, were 0.53, 0.52, 0.50, 0.48 and 0.42 for 2.52, 3.15, 3.78, 4.41 and 6.29 mmol of thiourea added, respectively.
It was thus concluded that almost all of the thiourea consumed in reducing selenium(IV) was oxidized to sulfate ions in the case of less than 4.41 mmol of thiourea. When more than 3.78 mmol of thiourea was added to 6.33 mmol of selenium, almost all of the selenium(IV) was reduced to the metal state, whereas the amount of sulfate ions decreased along with increases in the amount of added thiourea; the amount of total sulfur was inconsistent with that of the added thiourea. The amount of remaining thiourea was in good agreement with the difference between the amount of total sulfur and that of sulfate ions. For 6.29 mmol of thiourea, at least, the amount of sulfate ions was inconsistent with that of the elemental selenium; it was thus suggested that another reduction path by thiourea existed in addition to sulfate formation. , Actually, under the conditions of 4.41 and 6.29 mmol of thiourea the solutions gave an odor characteristic of elemental sulfur during the reduction. On the other hand, blank solutions gave only a faint odor characteristic of hydrogen sulfide, instead of elemental sulfur, during the step corresponding to the reduction of selenium(IV). The slow formation of yellow sulfur (orthorhombic modification) from the filtrate after filtrating the elemental selenium was also verified by an X-ray diffraction method. Thus, there may be a reaction path by which thiourea reacts with selenium(IV) to give sulfur as a simple substance under the condition of excess reagent.
Influence of the hydrochloric acid concentration Since selenium cannot be decomposed with hydrochloric acid, nitric acid was used for the dissolution. On the other hand, selenium(IV) cannot be reduced by thiourea in a nitric acid medium. Figure 2 shows the dependence of the amount of selenium remaining in the solution after the reduction of selenious acid with thiourea on the hydrochloric acid concentration at the reduction stage. Over the 1-3 mol dm 3 range of hydrochloric acid, the remaining selenium was minimized; 2 mol dm 3 hydrochloric acid was selected. It is well known that 40Ar35Cl+, which arises from argon gas and hydrochloric acid, interferes with the ICP-MS measurement of 75Ast Therefore, hydrochloric acid was removed by evaporating the solution until sulfur trioxide fumed, prior to a measurement of ICP-MS.
Recovery tests
The results of recovery tests for ten elements (Mn(II), Ni(II), As(III), Ag(I), Cd(II), Sn(II), Sb(III), Te(IV), Pb(II) and Bi(III)) are shown in Table 2 . After the etching of high-purity selenium, 0.2 or 1 sg each of the ten elements was added; the same procedure as that used for the proposed method was then followed. Satisfactory recoveries were obtained, except for Sb(III). The unsatisfactory result for the 0.20 µg addition of Sb(III) originated from a high blank value for Sb. In the case of using hydrazine as a reductor, Bi(III) and Te(IV) were reduced to their elemental states, and Ag(I) and Ni(II) formed their hardly-soluble selenides.1 These four elements, including Bi(III) and Ag(I), in spite Similarly, recovery tests for 1 µg each of the ten elements were carried out in 0.5, 1, 3 and 4 mol dm 3 hydrochloric acid concentrations during the reduction stage. Satisfactory results were also obtained, except for Te(IV) and As(III) in 4 mol dm3 hydrochloric acid.
Analytical results
Though excess thiourea was oxidized to sulfate ion with nitric acid, the concentration of the sulfate ions in a sample solution disagreed with that in a blank solution or a standard solution to some extent. Such differences of sulfate concentrations did not, however, influence the ICP-MS measurements. The proposed method was applied to high-purity selenium samples; the obtained results are summarized in Table 3 . The limit of quantitation (LOQ) of impurities in selenium was estimated as being the concentration giving ten-times the standard deviation for the blank solution:13 0.001 µg g 1 for Bi, 0.005 jig g-' for Cd and Sn, 0.01 µgg 1forMn,As,Teand Ag, 0.02 jig g 1 for Ni and Pb, and 0.1 µg g 1 for Sb. Since these LOQ's were limited by the impurities content in the thiourea crystal used, a purified thiourea would enable more sensitive determination of trace elements. 
